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ABSTRACT

This research centers on building a working steel bridge that can hold
over 2500 pounds, while deflecting no more than 1.5 inches. Weighing less than
150 pounds, the bridge was designed by inputting models into programs such as
SAP and Visual Analysis, and adding the required load effects. Creating such a
bridge involves various disciplines such as fabrication, communication,
engineering, computer science, and economics. This presentation will address
the design procedure, the building process, and the challenges faced by the team.
This experience has allowed the bridge team to see what it takes to finish a
project from start to finish and offered first-hand experience in the areas of
budgeting, welding, and teamwork. These are skills that are not directly taught in
the curriculum. This presentation will address all of these benefits.
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CHAPTER 1
INTRODUCTION
For the past 8 months, our WKU steel bridge team has been working very
hard to put together a steel bridge that will earn us a spot at nationals in Seattle,
Washington. The process of creating such a bridge is tedious, time-consuming,
and interdisciplinary in nature. Besides the obvious engineering applications
with design, there are numerous other lessons to be learned from such a project
including teamwork, leadership, and communication. This means that every
group member has to try their best to be understanding of the people that
he/she is working with at all times. The key to a successful bridge is cooperation
between all teammates. Because WKU’s 2012-2013 steel bridge team
understood this, we believed that our bridge was worthy of a chance to prove
itself at nationals. Before such an opportunity could present itself, however, we
would first have to prove ourselves at the Ohio Valley Student Conference
Regional Competition in Cleveland, Ohio.
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CHAPTER 2
COMPETITION EXPLAINED
Before the actual design and analysis of our bridge is discussed, it is
appropriate to give an overview of what rules and guidelines we had to follow
when constructing the bridge, as well as what the actual competition looks like.
As mentioned above, the steel bridge competition is quite complex and
different than what most people think of when they first hear about the
competition. The first phase of the competition is to design and construct a steel
bridge that meets the competition criteria. This process takes the majority of the
two semesters to complete. The design process includes factors such as
computer modeling, choosing a cross-section, and choosing a type of steel. Once
a suitable design is created, the goal then becomes to construct the bridge as
close to the ideal computer design as possible. Creating a real steel bridge from a
computer design involves ordering steel, cutting each piece to the desired length,
welding each of the individual steel pieces into members, and making it all fit
perfectly. After each of the different members has been fabricated the final
bridge is then constructed using nuts and bolts. With the final product ready,
practice for competition can finally begin. The bridge is designed and
constructed so that it can be easily and quickly taken apart and put back
together. The final job of the bridge team then becomes finding the fastest and
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most efficient way to construct the bridge for competition. This phase requires
a great deal of practice before arriving at the competition.
As hinted earlier, the actual competition is much more than bringing a
constructed bridge to be loaded and inspected by a team of judges. It becomes a
sort of athletic event, where speed and precision are key. In this year’s
competition the bridge must span a river that is twelve feet wide with a four-foot
wide cofferdam directly in the middle (Figure 2.1).

Figure 2.1 Site plan of staging and construction area

Then, in addition to the mid span that is to span the entire river, there is
an additional cantilevered section that must be constructed to span an
unsupported distance of at least three and a half feet. The minimum clearance
for every bottom part of the steel bridge, excluding the four legs, is one foot and
seven inches. The maximum allowable length of the bridge from end to end is
precisely seventeen feet (Figure 2.2). Other dimension specifications for cord
members and the decking surface can be seen in Figure 2.3.
3

Figure 2.2 Elevation drawing of steel bridge dimension specifications

Figure 2.3 Section drawing of steel bridge dimension specifications

In addition to overall bridge dimensions, each individual member has a
certain size specification that must be followed. Every individual member that is
part of the constructed bridge must not weigh more than twenty pounds. Each
member must also be able to fit in a rectangular box that is 3’0” x 6” x 4”. This
4

causes each bridge to have numerous pieces in order to meet the overall
dimension requirements. When each team finally reaches the actual competition,
there are a number of items that factor into a team’s “score.” First instead of an
actual score, every team is given a final cost for their bridge. In the end,
whichever team has the cheapest bridge wins; whichever has the second
cheapest gets second; and so on. Even though the criteria for every team is
based on cost, the costs that were actually incurred for creating each bridge
throughout the design and construction process have no correlation between the
costs assigned by the judges. The costs assigned at competition by the judges are
completely hypothetical and based solely on factors quantified at the
competition. Some factors used by the judges to calculate the cost of each bridge
include number of builders, construction time, weight, and deflection. These
factors strive to mimic reality as close as possible.
The first factor that plays an extremely important role in the overall cost
of a team’s bridge is construction speed. For competition each team gets to
choose how many of their team members will help construct the bridge during
the actual timed construction. The rules state that this number has to be
between three and six, with a minimum of one person in each of the three
different areas (front, cofferdam, cantilever). As seen in Figure 2.1, there are
different areas designated for tools, fasteners, bridge members, and the actual
construction. Prior to timed construction, each team is given time to setup all of
their members, fasteners, and tools in their respective designated areas. Once
time begins, the team members designated to work on the front end of the bridge
run everything from the staging yard to the construction area one piece at a time.
The staging area, where all the tools, fasteners, and members are located, is
5

thirty feet away from the bridge construction area. For both safety and real-life
application, each bridge piece must be carried one at a time. Nuts, bolts, and
tools, however, may be carried in multiple magnitudes and with a combination of
other items. The actual bridge members themselves, however, must always be
brought from the staging area one at a time, and no builder can ever hold two at
one time.
As one might imagine there is a magnitude of planning and practicing to
make this construction as efficient and quick as possible. For this year’s
competition the maximum time allowed for bridge construction, without any
penalties, is thirty minutes. If a team takes any longer than this, then their
construction time would be counted at 180 minutes. If any team took longer
than forty-five minutes then they would be automatically disqualified from all
awards. As mentioned earlier, all of the results are based on the cost of each
bridge. For this year’s competition a team’s cost for construction speed was
calculated using the construction cost equation (Figure 2.4).

(

)

Figure 2.4 Equation for construction cost

During bridge construction there are numerous rules that are to be
followed. Depending on which rule is violated, one of two things will happen. If
it’s a safety issue or an action that is not allowed by the rules, time will be
stopped and the judges will tell the team to correct the problem. The next thing
that can happen is that a time penalty is added to a team’s score. For example,
6

for every nut, tool, or bolt that is dropped outside of the staging yard, a fifteen
second penalty is added to the team’s score. There are various other time
penalties described in the rules that can be added if mistakes occur during
construction. Such mistakes include stepping in the “water” or dropping a
bridge member. These time penalties translate to cost as demonstrated by
Figure 2.4.
Once a team has successfully constructed their bridge in the time allowed,
it is time for the judges to analyze the bridge for any dimension or connection
violations. The judges take pre-measured pieces of plywood and scrutinize the
bridge for dimension violations. The judges also specifically check the
smoothness of the decking surface, the continuity and type of connections, and
the finished product.
Once this inspection is complete, each team is informed of any penalties
that the team may have incurred. If certain rules are broken or if the dimensions
are too irregular, than the team is disqualified and not given a chance to load test
their bridge. For smaller rule infractions, such as having a small a small gap
between a connection, or having a weld protruding above the flat decking
surface, small weight penalties are added to the bridge’s total actual weight.
These smaller penalties are typically in the range of 25 to 75 pounds.
Once the team knows how many, if any, weight penalties will be added to
their score, they weigh their bridge using four scales, using one for each leg. The
four readings are added together to get a total weight. The final weight of a
team’s bridge is the actual weight plus any additional weight penalties incurred
during the judge’s inspection. Figure 2.5 shows how the weight for each bridge
factors into its overall cost. The lighter the bridge, the cheaper its cost.
7
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Figure 2.5 Equation for weight cost

Only when teams have successfully completed bridge construction and
passed the post-construction inspection do they qualify to have their bridge
actually load-tested. There are four different tests that each bridge must pass in
order to be competitive for awards. Each of the four load tests is quantified by
measuring the total amount that the bridge deflects. For each of the four tests
there is a set load applied to the bridge, and for each test, the bridge must remain
under the maximum allowable deflection. If a bridge’s deflection exceeds the
allowable deflection in any of the four tests, then loading is stopped and
astronomical penalties in the range of millions of dollars, depending on which
load test is failed, are added to a team’s score, and the team is effectively out of
the competition.
The first two tests are a pass/fail test in which the lateral deflection, also
known as sway, is measured. A light pre-load is placed on top of the bridge to
hold it in place while both the mid span and cantilever deflections are checked.
The lateral load weight and maximum allowable deflection for both the mid span
and the cantilever is a 50-pound load with an allowable half-inch deflection.
Each of these tests is conducted separately with the weight of the test load
removed prior to moving onto the next load test. For these two lateral load tests,
it is either the bridge passes or it fails. Should a bridge fail a huge monetary
penalty, one that is practically impossible to win with, is added to the bridge’s
total cost.
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The final two load tests are vertical load tests. These tests are not just
pass/fail, but instead are used to calculate the cost of a team’s bridge (Figure
2.6). This equation factors in how far above or below a bridge was from the
maximum allowable deflection. Once again anything above this deflection is an
astronomical cost penalty, which all but eliminates a team from competition.

( )
Figure 2.6 Equation for aggregate deflection cost

The final two load tests are the vertical load tests of the mid span and the
cantilever section. The first section tested in the mid span. There is a small preload of 100 pounds placed on the mid span and another 50 pounds placed on the
cantilever section. Both of these loads remain in place for both of the vertical
load tests. Two plum bobs are hung from both sections of the bridge to measure
sway during loading. If at any point the bob moves more than half an inch, even
if it is the result of being nudged by one of the team members, the load test
ceases and the bridge fails the test. Therefore, it is extremely important to be
careful when loading the bridge.
For the actual loading three members of the team work together to load
the bridge. A metal grate is placed on top and 25-pound pieces of angle iron are
placed one at a time until the desired load is reached. The vertical load test of
the mid span is conducted first. The total load added to the pre-load weight of
100 pounds is 1400 pounds. This equates to 56 additional pieces of angle iron.
The maximum allowable deflection for the mid span during this vertical load test
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is 1.5 inches. The deflection is then measured using an acceptable method and
calculated into the bridge’s cost using the aggregate deflection cost equation
(Figure 2.6).
The final load test is the vertical load test of the cantilever section. For
this test the 1500 pounds that is already on the mid span remains in place. For
this section, an additional 950 pounds, or 38 pieces of angle iron, is added to the
pre-load weight of 50 pounds for a total load of 1000 pounds on the cantilever.
The maximum allowable vertical deflection for the cantilever section is one inch.
The deflection on the cantilever section is then measured and factored into the
bridge’s cost using the aggregate deflection cost equation (Figure 2.6).
Once the two vertical load tests are complete, the bridge is supporting
2500 pounds. When both tests are complete, the team members responsible for
loading the bridge unload it and move the bridge to the final presentation area.
In this area bridges are judged for their aesthetics. The aesthetics and bridge
poster only come into play if there is a tie between two teams.
The total cost is the only factor used to determine the winners of the
competition. Only if there is a tie, does “judging” actually come into play. The
final cost of each bridge is calculated using the total cost equation (Figure 2.7).

Figure 2.7 Equation for total cost of the project
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CHAPTER 3
PROJECT DEFINITION
Now that the groundwork has been laid for what the steel bridge
competition actually is, it’s time to discuss what our team did specifically to meet
these criteria in an attempt to earn a chance at nationals. The goal of the 20122013 WKU Steel Bridge Team was to design and construct a steel bridge, which
for the first time since 2005 would earn a shot to compete at the national level.
Eleven seniors and one junior worked together to achieve this goal. To design
our bridge we used the Official Rules of the 2013 ASCE Steel Bridge Competition.
This project was interdisciplinary by nature utilizing structural engineering,
computer modeling, welding, painting, precision water-jet cutting, construction
management, financing, and budgeting. Only after: our design was complete,
our steel pieces were cut to length, our members were welded together, and our
bridge was painted, could we begin practicing for competition. Each one of these
stages had to be completed before we could move on to the next task. With a
written schedule and common goal to guide our way, our team started with the
design phase last September.
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CHAPTER 4
DISCUSSION OF STANDARDS AND RESTRAINTS
Before the actual design and analysis of the bridge is discussed, it is
appropriate to give an overview of what restraints we had to consider when
constructing the bridge. In addition to the dimensions and specifications
mandated by the competition rules, we were restricted by other factors as well.
These limiting factors included budget cuts, a lack of welding skills, time, and
drastic changes in the rules from previous years.
The first restraint we had to be extremely cautious of from the beginning
was our budget. This year most of the engineering department saw its budget
cut in half. This was no different for the funding allocated for WKU’s steel bridge
team. This took a ton of foresight and planning on our team’s part to ensure that
we would have enough money to complete the entire project. From purchasing
steel to subcontracting the welding, we always had to keep a tight budget. In
addition to typical expenses, our team made a goal to complete the bridge in
plenty of time so that we could load test it before competition. This was
something that last year’s team failed to do, and they suffered the consequences
of being over the maximum deflection at competition. Since the bridge last year
had not been vertically load tested prior to competition, our team didn’t have
enough angle iron to load the bridge this year. Originally, we were afraid that
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this would be an additional and expensive cost, but with the help of our advisor,
we were able to get enough angle iron to load test our bridge from Stupp Bridge
Company. This company, who is an industry partner with WKU’s engineering
program, saved us a great deal of money through their generosity, and helped to
keep us under budget.
The next limiting factor we were presented with was a lack of welding
experience. The basic stages in constructing a steel bridge involve creating a
design, ordering the steel, cutting each steel piece to the correct length, and
welding each of the pieces together. With none of our team members possessing
any welding experience, this was an additional expense that our team had to
subcontract out to be completed.
Another major restraint our group faced was time. In total our team only
had about eight months to complete a bridge that was ready for competition.
With many different tasks to complete, it was extremely important to set
deadlines and to stick to those deadlines. Our most significant deadline, other
than that of the actual competition, was to have the steel pieces ready for
welding prior to our winter break so that the members could be welded over the
break.
The final major restraint that our team faced was the drastic change in the
rules from previous years. In years past, WKU steel bridge teams had done well
at regionals, but were always one penalty away from making it to nationals. Last
year, for example, the bridge’s cantilever reached the maximum allowable
vertical deflection with less than 100 pounds of loading left. Our original plan
was to build on last year’s design making improvements only on the things they
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failed at last year. However, after reading the rules, it was clear that we would
have to design all of our connections from scratch.
In years past, bridge teams have become more and more ingenuitive,
constantly finding new ways to bend the rules in their favor. In the past few
years, nut and bolt connections have become sort of obsolete. Teams were still
placing them at the connections, but the bolts themselves were not actually
holding any two pieces together, they were just there to satisfy the rules. To
increase time teams started turning to machined connections. These included
dovetail and male/female connections. These connections don’t require bolts to
be structurally sound, but instead are just slid together to create a solid member.
These connections allow for both greater strength and faster construction speed.
This year, however, all of these connections were outlawed, and the penalties for
using such connections would all but disqualify a team. Facing these rule
changes, our team had to re-think our entire design. Not only would our
connections affect the strength of the bridge and how long it takes us to put it
together, but how we construct the bridge as well.
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CHAPTER 5
DESIGN PROCESS
When beginning the design process, there were many choices that had to
be made before we could even start designing the actual bridge. Such decisions
included type of steel, type of cross-section, and dimension leeway.
Weight plays an extremely important role in the final cost of the bridge.
The lighter the bridge the cheaper the cost, but at the same time, the stronger the
bridge the cheaper the cost. It then became our challenge to find a type of steel
that had high yield strength, but was still relatively light. We decided to use the
same relatively expensive steel as last year, hoping we could cut costs elsewhere.
The material we used was 4130 chromoly steel. This steel is relatively light;
weighing only about 491 pounds per cubic foot, and possessing a yield strength
of 63 kips per square inch (ksi). Its real benefit comes from its superior
strength-to-weight ratio as well as its ductility. This superior ratio allowed us to
use smaller diameter tubing, which reduced the overall weight of the bridge.
Once a material was selected, we then had to decide what cross-section
we wanted to use for each piece of steel. The choice had to be made on whether
to use tubing or solid pieces, and whether to use circular, rectangular, angular, or
W sections. The goal here was to choose the lightest yet strongest cross-section.
Knowing that the bridge would be too heavy if it were made out of solid pieces of
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steel, our team opted to use tubing, especially since chromoly is known for its
high strength-to-weight ratio.
The next step was to decide on what type of tubing or alternative crosssection to use for most of our members. Our two choices were mainly between
rectangular tubing or W sections. However, we went ahead and analyzed an
angular cross-section as well as a channel cross-section since these crosssectional areas are smaller than the typical cross-sections of solid circular or
solid rectangular pieces of steel.
To decide on a cross-section our team used the computer program, SAP
2000, to calculate the deflection for each of the four cross-sections. To get
comparable results, relatively the same size of each cross-section was analyzed.
Each of the cross-sections’ sizes was maximized within a square box. Each crosssection was then turned into a simply supported beam that spanned a distance of
36 inches. Each beam created in SAP 2000 was made purely from that crosssection and positioned so that it would bend about its strongest axis. A
distributed load of 1000 kips/inch was then applied across the entire beam and
the resulting maximum deflections were calculated. One of the factors used to
calculate deflection is moment of inertia. Deflection and moment of inertia have
an inverse relationship. The moment of inertia is the capacity of a cross-section
to resist bending. The higher the moment of inertia, the greater the resistance
the cross-section has to bending, therefore, producing a smaller deflection.
Figure 5.1 shows the deflection results for the four different cross-sections
analyzed in SAP. These deflections are extreme relative to the length of the beam,
because the cross-sections are extremely small compared to the load applied.
This allowed us to clearly see which produces the least amount of deflection.
16

Cross Section

Deflections (in.)

Channel Cross-Section

15,288

Rectangular Tubing

941

W Cross-Section

10,219

Angular Cross-Section

23,953

Figure 5.1 Table of cross-section deflections

From this analysis we decided that for the majority of our pieces we
would use rectangular tubing. For some of the smaller pieces we were forced to
use solid pieces of circular steel since tubing does not come in pieces that small.
The SAP analysis for rectangular tubing can be seen in Figure 5.2.
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Figure 5.2 SAP analysis of rectangular tubing cross-section

After each group member had drawn some preliminary designs on paper,
we decided that it would take too long to put each of these different designs into
SAP to test which of our designs remained under the maximum allowable
deflections. To save time we decided to improve on last year’s design instead.
The only load test that last year’s bridge failed was the vertical load test of the
cantilever. The overall dimensions of last year’s bridge were longer than those
specified for this year’s bridge in both the cantilever and the mid span section.
Not only were the spans shorter but the allowable deflections for this year were
18

larger as well. These two factors suggested to us that a similar design as last
year’s bridge would pass all of the same tests this year with just a few
modifications. The main reason for this loosening of standards was the rule that
made all connections weaker this year. It then became our goal to re-innovate
last year’s bridge into a suitable design for this year’s competition that would
ultimately take us to the national competition.
The biggest hidden factor our team had to keep in mind while designing a
bridge was constructability. If at competition, we couldn’t put our bridge
together quickly or efficiently then none of the other factors mattered.
Throughout the entire design process, we had to be mindful of how we were
going to construct the bridge at competition. This affected our member lengths
and our connections. Being unable to step in the artificial water, the last thing
we wanted was to have a connection we couldn’t reach during construction,
because we put in right over the center of the river. Many of these factors had to
be considered to ensure the practicality of constructing the bridge at
competition.
After looking at past WKU bridge designs, as well as nationally
competitive bridge designs, our team decided to use a two-tier cord design.
Down both sides of the bridge ran two sets of cords stacked vertically on top of
each other creating a rectangular frame on both sides. In total the bridge has six
sections spanning from the beginning of the bridge to the end of the cantilever
section. Each of the six sections has a bottom cord and a top cord. Figure 5.3
shows the design dimensions for the top and bottom pieces of each cord. The left
and right sides of the bridge are identical.

19

Figure 5.3 Cord dimensions

For the cords in this year’s mid span, we opted use a very similar design
to last year’s. The mid span consisted of cords one through four, with cord five
connecting the mid span to the cantilever.
Our biggest challenge was designing a cantilever that would pass the
vertical deflection test. Last year’s cantilever design can be found in Figure 5.4.
20

Figure 5.4 2011-2012 WKU bridge design

As you can see in this view, the cords that span the length of the bridge
are consistent until the cantilever. In the cantilever, the team opted to use a
triangular cord, which subtracted from the member’s moment of inertia,
ultimately causing the cantilever section to be weaker than the rest of the bridge.
To strengthen the cantilever section this year, our team decided to continue the
rectangular cord through the cantilever section. A view of our bridge without
lateral bracing can be seen in Figure 5.5.
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Figure 5.5 2012-2103 WKU steel bridge prior to lateral bracing

As described earlier the lateral loads are much smaller than those applied
vertically. Every bridge is laterally loaded with only 50 pounds, whereas every
bride is vertically loaded with 2500 pounds. For this reason, the bridge requires
significantly less lateral bracing.
The design method we used to create the lateral bracing was much less
formal and analytical than the rest of the members. After both sides of the
bridge were welded together, the two individual sides were stood parallel one to
another as shown in Figure 5.5. We decided that we would try placing five
identical cords in the middle to connect the two sides of the bridge and to resist
lateral deflection. These cord members can be seen in Figure 5.6.
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Figure 5.6 Lateral bracing

It should be noted that later on during the construction process, after we
had the opportunity to load test the bridge both vertically and laterally, one of
the middle lateral cords was taken out and additional supports were added. To
improve the lateral strength we added six pieces of flat bar that created a series
of three “X’s.” These bars were in sets of two and spanned from the top cord on
the left side of the bridge to the bottom cord on the right side of the bridge. The
23

second half of the “X” mirrored this positioning. These helped to draw the two
sides taut, so that there would be less lateral deflection.
The final step we took to ensure that our final product met the deflection
standards for each of the four load tests was to run two diagonals from the mid
span to the cantilever in order to provide the cantilever with more lateral
strength. With the diagonals connected from the mid span to the cantilever
section, the cantilever’s resistance to bending increased significantly.
Looking at Figure 5.3, it’s easy to see how each of the pieces fit together to
create the final cord. However, the method for connecting these took a great
deal of design. With male to female connections outlawed, it was mandatory that
we use bolted connections or face astronomical penalties. The rules state that
where any two surfaces of two different members touch, there must be a bolted
connection through the two surfaces. To connect the next cord in numerical
sequence, we opted to weld a small steel plate on the end of each cord that was
1” x 3”. On both sides of the tubing we would place one bolt through the two flat
adjacent plates in order to connect the two sequential members (Figure 5.7).
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Figure 5.7 Plate-to-plate connections

To connect a top cord to a bottom cord a single bolt was placed through
the two small plates that met to form the center of the “X” in the final cord
design. An example of such a connection can be seen in Figure 5.8.
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Figure 5.8 Top-to-bottom cord connection

The connections we used for the legs were very similar to those used to
connect the different cords. For these connections we connected small square
plates to the actual tubing so that enough surface area would be created to
provide a bolting surface. The connections used to attach the front legs can be
seen in Figure 5.9.
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Figure 5.9 Leg connections
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CHAPTER 6
ANALYSIS
Once a suitable design was finally complete, it became time to input our
design into a computer modeling program. The program we chose to model and
analyze our bridge design was SAP 2000. Before actually fabricating the bridge,
we made sure our design was strong enough to withstand the four load tests.
With imperfect members and connections, computer-modeling programs such as
SAP, are best-case scenario. Seldom can the values obtained in SAP be trusted to
be the actual strength; therefore, a safety factor should be added. This partly
explains why we added three sets of “X’s” and two diagonals to our bridge after
everything else had been fabricated. Figure 6.1 depicts an aerial view of what
our final design looked like in SAP.
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Figure 6.1 Aerial view of bridge model in SAP

Figure 6.2 shows the expected deflections for our bridge as projected by
SAP. These deflections will vary based on the type of connection for each
member. Using this analysis program, it really isn’t possible to test the strength
of our exact connection, so the resulting analysis is just an estimate.
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CANTILEVER
DEFLECTIONS
Lateral
Loading
Vertical
Loading
MID SPAN
DEFLECTIONS
Lateral
Loading
Vertical
Loading

Load Weight
(lbs)

Max Deflection, Δ
(in.)

SAP Deflection, Δ
(in.)

50

0.5

0.19

1000

1

0.13

Load Weight
(lbs)

Max Deflection, Δ
(in.)

SAP Deflection, Δ
(in.)

75

0.5

0.18

1500

1.5

0.18

Figure 6.2 Deflections for mid span and cantilever sections

The approximate deflection of a beam or portion of a bridge can be
calculated if a few different factors are known. The equations for deflection vary
slightly depending on how the beam is supported. For example, the deflection of
the mid span and cantilever of our bridge, can be calculated using the equations
in Figure 6.3. ΔM is the deflection in the mid span and ΔC is the deflection in the
cantilever section.

Figure 6.3 Equations for deflection

In these equations F represents the perpendicular force being applied to
the section, L represents the length of the section, E is the modulus of elasticity
(29,000 ksi for steel), and I is the moment of inertia.
Since our design met all maximum deflection criteria, we decided to move
forward with the design we had created. However, before competition our
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bridge was laterally loaded, and it was discovered that the deflections were too
close for comfort. To combat this problem, three sets of “X’s” and two sets of
diagonals were inserted to increase the strength of the bridge. These were
created during the fabrication process and well after the design phase.
Therefore, these members were not included in the original analysis. The values
in Figure 6.2 are the values obtained from having these extra members in place.
Figure 6.4 gives a final view of our bridge in SAP once it is fully loaded in the
vertical direction.

Figure 6.4 Deflection of bridge in SAP when fully loaded

31

CHAPTER 7
PROJECT MANAGEMENT (FABRICATING THE BRIDGE)
In order to have a finished product before competition, we had to adhere
to a very strict schedule. At our very first meeting Clayton Cook and myself
volunteered to lead our team as co-captains. Clayton oversaw much of the
hands-on work, while I managed both our engineering science and project
management notebooks. These notebooks were used to keep our group
organized and on task.
The first thing our team did was to create a rough timeline for when we
would like to have different parts of the project completed. At our first meeting,
besides selecting captains, it was decided that our goal would be to have all parts
of the bridge ready for welding prior to winter break. That way the bridge could
be welded over the break. We had one semester, the fall of 2012, to create a
suitable design, order the appropriate steel, cut them to the accurate lengths, and
find someone to weld it all together. To ensure that each of these tasks was
accomplished and that our team stayed on schedule, Clayton and I delegated the
work to get all team members involved.
From the beginning every team member was given a responsibility. Some
notable positions that team members held were secretary – Josh Rodgers, rules
expert – Jacob Martin, and treasurer – Omar Ramadan. However, when it came
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to the design process everyone was involved. If we wanted to meet our winter
break deadline, we needed to start the design process immediately. Since the
process and the actual design of our team’s steel bridge was already discussed in
chapter 5, this chapter will focus on what all our team completed after our
design was finalized.
The first step in bringing our design to life was ordering the right amount
of steel so we could cut each piece to the correct length for welding. Using our
designs to determine the amount of steel we needed, we ordered about 15%
extra steel to allow for mistakes during fabrication. We ordered 4130-chromoly
steel from Wick’s Aircraft Supply. The steel was delivered in mid-November and
the steel-cutting process began immediately.
In order to cut costs, our team cut and grinded all the steel pieces
ourselves. A special type of saw with a special type of blade is required to cut
steel. This blade is carbide tipped and rotates relatively slow. The blade
possesses teeth like a normal table saw but is much thicker; it’s about one-tenth
of an inch. Rather than cutting straight through, the saw works slowly and
grinds through each piece of steel. Depending on the cross-section of the steel,
each cut took between 30 seconds and one minute. With around 200 pieces of
steel to cut to precisely the right length, this process took a couple weeks and
was finished during finals week in December.
Over the break Clayton and I delivered our team’s design and steel pieces
to Andy Suthard, a WKU graduate who we had hired to fabricate and weld our
bridge together. Up until this point, our design only included the left and right
sides of the bridge. All of the lateral support in the middle, that connects both
sides together, had yet to be designed.
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When we returned to Andy’s shop to inspect the completed left and right
sides, we brought designs for the lateral bracing. In welding there are two
different methods: mig welding and tig welding. Mig welding is much more
common and takes much less skill. Tig welding, however, takes much more skill,
and in turn, provides a much higher strength. Tig welding is so precise that it
can be done at a level of only one amp. Working with thin chromoly tubing, this
was extremely important to the welding process. Thanks to Andy’s expertise, he
was able to control the warping of the steel caused by the welding heat. This
caused the final product to be completely straight to the naked eye.
At the welding site, Clayton and myself helped Andy create the members
we would use to connect the two sides of the bridge. These members were
welded directly in place to ensure that they fit perfectly inside the bridge (Figure
7.1). From this experience Clayton and I were both able to learn much about the
fabrication process and how welding works.
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Figure 7.1 Andy welding the lateral bracing into place

After winter break, we returned to campus with a finished product in
early February. The only tasks our team had remaining were to paint the bridge
and to practice constructing the bridge so that we could find the most efficient
way possible. Clayton used the Doodle scheduling tool to find when different
members of the team would be available for practice. It was decided that we
would use six team members to construct the bridge during competition. With a
time limit of thirty minutes, we figured it was necessary to use six people so we
wouldn’t cut our time too close during competition. Using these practices as a
measure of each team member’s abilities, we used these practices to decide who
the final six would be to put the bridge together at competition.
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Prior to spring break it took six of us about thirty-five minutes to put it
together the first few times we tried. Over the break Clayton, with the help of his
father-in-law, painted the bridge a solid silver color. In addition to painting the
bridge, our team used a water jet to cut the words “Western Kentucky
University” out of sheet aluminum. Two of these were cut and placed on both
ends of the bridge. When the bridge was painted, these words were painted red
so that they would stand out (Figure 7.2).

Figure 7.2 “Western Kentucky University”

When our team returned to school after spring break, we had two-and-ahalf short weeks prior to competition. All we had left to do was load test the
bridge and practice constantly. After several practices it was decided that the six
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people constructing the bridge at regional competition would be: Yulizza and
myself running pieces back and forth while constructing the back span, Clayton
and Josh Clemmons on the cofferdam, and Michael and Jacob constructing the
cantilever section.
After many trials of constructing the bridge in several different ways, we
eventually found what we thought to be the most efficient method. The way we
constructed the bridge was not only the most efficient method, but also the
method most likely to keep the bridge from getting into a bind.
The most efficient way we found to construct our bridge was to complete
an entire side before moving on to the other. In order to be as efficient as
possible, we wanted to make sure that each of the six people always had
something to work on. Therefore, the runners started by passing pieces back to
the cantilever section. Then all three pairs would work on the right side before
construction on the left side was completed. We used a pier in the cofferdam to
help support the bridge while it was being constructed.
Using this process and our fastest six people to construct the bridge, we
dropped our time significantly. Starting out at thirty-five minutes, we took huge
steps as we watched our times fall to twenty-nine minutes, to twenty-five
minutes, to twenty minutes, and eventually to fifteen minutes. Finally with a
competitive time, all we had left to do was load test our bridge.
Prior to competition, we laterally load tested our bridge half a dozen
times always getting about 0.35 inches of deflection, about 0.15 inches under the
maximum allowable deflection of 0.50 inches. With vertical load testing,
however, we never fully tested the bridge. We did not want to put the full 2500
pounds on the bridge and risk permanently deforming the bridge. We, therefore,
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decided to only vertically load our bridge with fifty percent of the actual
competition load. From this we knew we would be able to multiply the
deflection by two, in order to get a fairly accurate prediction of what the
deflection would be if the bridge was fully loaded. When the vertical load test
was performed with fifty percent of the weight, we multiplied the measured
deflections by two. Our expected deflections were found to be 0.16 inches for
the mid span and 0.11 inches for the cantilever section. These extrapolated
deflections were well under the maximum allowable deflections of 1.5 and 1.0
inches for the mid span and cantilever sections respectively.
Finally, with a bridge we were confident we could put together in under
sixteen minutes and one that we were confident could pass all load tests, all we
had left to do was prove ourselves at regionals, in hopes of earning a trip to
Seattle, Washington for the national steel bridge competition.
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CHAPTER 8
COMPETITION RESULTS
On Wednesday, April 3, 2013 our team left Bowling Green, KY for
Cleveland, Ohio. We reached Cleveland that night and found that our bridge
competition was slated for Saturday. With just a few days before competition,
we spent these last couple days practicing in the hotel lobby.
On Friday evening Clayton and I attended the Captain’s meeting to see
what time we would be constructing our bridge for time trials. We found that
out of the thirteen schools competing, we would construct our bridge last. We
also discovered that the people carrying the pieces back and forth would not be
allowed to run, but only walk, since we would be constructing on a gym floor that
had a tarp on it. Judges saw this as a safety issue and decided to compensate the
times by moving the staging area ten feet closer to the construction area than is
designated in the rules.
Being the last team to construct our bridge the day of competition,
presented us with a couple benefits. For one, we were able to watch other
groups and see what rules the judges were specifically looking for during the
competition. We were also able to clarify some rules that weren’t completely
clear in the rules. In addition we were given the opportunity to borrow ideas
from other teams, which helped us shave a couple extra seconds off of our time
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Finally it was our turn to construct our bridge. We set all of our pieces in
the staging area, and the judges inspected each of them to make sure that they
each fell within the size requirement. We tied our tool belts, put on our safety
glasses, and threw on our WKU hard hats. All of our hard work was finally being
put to the test.
Our timed construction went well, as we constructed the bridge in sixteen
minutes and forty-one seconds. During construction we also dropped two bolts,
which added thirty seconds to our time, fifteen for each of the bolts dropped.
This brought our construction time up to 17:18, which is still extremely
respectable, coming in well under the thirty-minute time limit.
Once the bridge was constructed, it was time for the judges to examine
our bridge. In all they found two different rule violations on our bridge.
The first violation dealt with the smoothness of the decking surface. This
violation was due to a misunderstanding of a rule. Smoothness is a characteristic
that is relatively open to interpretation. The way we read the rule, our bridge
was allowed to have protrusions up to the thickness of a bolt head above the
decking surface. Our decking surface was completely smooth except for slight
protrusions where the steel plates had been welded to the tubing. What the rule
actually meant was that these slight protrusions were allowed, but it had to
actually be a bolt head, not anything that was at or below that equivalent height.
The weight penalty for this violation was 50 pounds.
The second violation our bridge was charged with was having plate-toplate connections that were not completely flush. Our bridge violated this rule in
three different places. The first place was on the front left leg connection. Where
the leg continues into the cord are two square plates through which two bolts
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pass. I, unfortunately, tightened these two bolts tighter than normal causing the
edges to flare up; creating a gap that was just big enough to squeeze a piece of
paper in. The next two gaps we designed intentionally and thought were legal.
Our diagonals were designed so that the plates they were connected to in the
cantilever section would be about a quarter inch apart with a bolt holding them
together. The smaller the gap the tighter the cantilever would be. However, if
the gaps were too small, the front right leg would come up off of the ground due
to the tension placed on the bridge from the diagonals. After deliberating for
quite some time, both of these gaps were ruled by the judges to be rule
infractions. The weight penalty added to our bridge’s weight for each of the
three gaps was twenty-five pounds, creating a total penalty of seventy-five
pounds.
The next step was to actually weigh our bridge, which was done using
four scales, one for each of the legs. The weight of our bridge was found to be
only 144 pounds, about forty pounds lighter than we had thought it was. After
our 125 pounds of penalties were added to our bridge, our total penalized
weight was now 269.0 pounds.
The only thing left was to load test our bridge. For the load tests, our
team selected Clayton, Michael, and Josh Clemmons to perform all of the loading.
To measure this year’s deflections, the judges were using a rather primitive
method. Rather than using a laser sensor, they just used a measuring tape to
measure the distance between the ground and the bottom of the bridge before
and after loading. As one might expect, these measurements weren’t accurate to
a very high degree and invited a high deal of variability in the measurements.
Nonetheless, we proceeded with loading and passed both of the lateral load tests
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with flying colors. The maximum allowable lateral deflection for both the
cantilever and the mid span was only about 0.5 inches and both sections only
deflected around 0.3 inches.
The final load tests were the vertical load tests. Prior to competition we
did not fully vertically load our bridge for fear of deformation, but instead only
loaded it up to fifty percent of the actual competition load. From this mediated
load, we extrapolated our expected deflections to be 0.16 inches for the mid span
and 0.11 inches for the cantilever section. The first section loaded at competition
was the mid span. The deflection measured for the mid span once loading was
complete, was only 0.188 inches, which was well under the 1.5-inch maximum
allowable deflection. Once the mid span was loaded it was time to load the
cantilever section. During the entire loading process, our team had to be
extremely careful not to make the bridge sway more than 0.5 inches, otherwise
our team would be disqualified immediately. Once the cantilever was loaded, we
waited intensely for the results, as this was the test that had sent last year’s team
home (Figure 8.1). When told that the vertical deflection measured in the
cantilever section was only 0.063 inches our team was extremely relieved. With
a maximum allowable deflection of one inch, our team was more than 93% away
from reaching this deflection.
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Figure 8.1 WKU’s bridge fully vertically loaded

With all of the bridges loaded and judged, all that was left was to hear the
scores. In this competition there is an unusual rule that states that no team
members may speak to any of the judges concerning other teams. If a team does
so, they are disqualified. As the last team to have our bridge loaded, we headed
directly to the awards ceremony to hear our results. To make it to nationals we
had to place somewhere in the top three in the category of “Overall Winners.”
From the notes I had taken during other teams’ constructions, I was pretty sure
that the University of Louisville, the University of Akron, Geneva College, and us
were the top four contenders. The results for each of the categories, except for
“Overall Winners,” can be found in Figure 8.2.
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1st
2nd
3rd

Construction
Construction Construction
Lightness Display Stiffness
Speed
Economy
Efficiency
U of L
U of L
WKU
WKU
U of L
U of L
Geneva
WKU
Geneva Akron
Akron
WKU
WKU
Akron
Akron Geneva
Geneva
Akron

Figure 8.2 Competition results

Each of these categories contribute to the overall score, however, in the
end whichever teams have the three lowest total costs are the three teams that
are going to the national competition. Finally, the overall winners were
announced. In third was WKU, in second was the University of Akron, and in
first was the University of Louisville (Figure 8.3).

Figure 8.3 The 2012-2013 WKU steel bridge team

Our team was ecstatic, we had set out with a goal of making it to Seattle
for the national competition, and for the first time in seven years, WKU’s steel
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bridge team had earned a chance to prove itself on a national stage. Our score
sheets can be seen in Figure 8.4 and Figure 8.5.

Figure 8.4 Page 1 of WKU’s score sheet
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Figure 8.5 Page 2 of WKU’s score sheet
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CHAPTER 9
FINAL RECOMMENDATIONS
With a national-qualifying bridge, our team has now set out to eliminate
all rule violations that held us back at regionals so we can be competitive at the
national competition. There are three factors that our team has decided to focus
on prior to the national competition this May. These three items are: fixing the
decking surface so that it is completely smooth, fixing our three plate-to-plate
connections that were not completely flush, and shrinking the number of
builders we use from six to either four or five. If we can accomplish these three
action items before the national competition, we are confident that we will be
competitive.
The first violation we will try to fix is the smoothness of the decking
surface. In order to fix this problem we will have to grind down each of the
welding surfaces that protrude above the decking surface. Since the bridge has
been professionally painted, when we are done grinding each of these welding
surfaces down to a smooth surface, we will have to re-paint the majority of the
decking surface. By doing so, however, we will eliminate a fifty-pound weight
penalty for nationals that we were issued at the regional competition.
The next violation we intend to correct are the three plate-to-plate
connections that were not completely flush. To fix the connection that was on

47

the front left leg, I will simply not tighten the bolts as tight as I did in the regional
competition. Working with Yulizza on the back span, I tended to give every one
of her bolts an extra quarter to half turn as I could provide a little more torque
than she could. However, if the bolts are too tight in some connections, it can
cause parts of the plate to flare up if the plate is really thin. This was the case for
the front left leg. The other two plate violations were found in two identical
diagonal connections that crossed one another. These were designed so that
there would be about a quarter inch gap between the two plates, with a bolt in
tension holding the two plates together. We designed it like this so that we could
pull the cantilever as tight as possible without pulling the back legs off of the
ground. This gap varied depending on the type of floor our bridge was resting
on. Constructing our bridge on tarp allowed us to flirt with this line even more
due to the uneven floor. Even a slight tightening of the bolt caused the strength
of the cantilever to increase significantly. However, if we tightened it too much
the leg would be in the air. This principle was definitely reflected in the scales’
measurements when our bridge was weighed. The four scales read 54, 38, 34,
and 18 pounds for our unloaded bridge, thus demonstrating an obvious unequal
weight distribution. This played in our favor with the cantilever deflection,
causing us to get first in the stiffness category; however, it hurt, as we did not
realize it was a rule violation.
To fix this issue we intend to fabricate new diagonals, each of which is
composed of two different pieces of steel. These pieces when tightened will rest
completely flush with the plates welded on the right and left sides of the bridge.
Correcting these two gaps as well as the slight gap issue with the front left leg
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will remove 75 pounds of penalties, which we acquired at the regional
competition.
The final factor our team hoped to improve on for national competition
was our construction time. We never tried to construct our bridge with fewer
than six people. However, in order to be competitive at the national competition,
we have to cut down on our number of builders to cut our costs. One idea we
have to make this possible is to use some type of counterweight to hold the
bridge in place, allowing only one person to run back and forth to grab members
of the bridge. As we begin practice we are hopeful that we can also eliminate one
of the builders in the cofferdam. Even though it will likely take us longer to
construct the bridge with only four or five people, our cost will be much better as
the construction cost is calculated by multiplying the base cost by the time and
then by the number of builders. In order to make this last change a success, it
will take a great deal of innovation our part.
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CHAPTER 10
CONCLUSION
This project was a great learning experience. My role as co-captain taught
me how to manage a project from beginning to end. The real life applications of
completing such a project are immeasurable. As someone who strives to one day
be a structural engineer, designing and constructing a miniature steel bridge
from start to finish was an excellent step in the right direction. Through this
project I was able to learn more about project management, fabrication, and
construction than I ever could have by reading a textbook.
I will undoubtedly use the lessons I learned and the skills I gained from
this experience when I enter into the workforce. However, for now our team’s
focus will be improving our bridge so that we can be competitive at the national
competition.
At regional competition this year, I believe that our team had the best
final product. Our construction time was not the best, but we hope to improve
on this before getting to the national competition. All violations that we were
handed penalties for can be corrected by the time we reach national competition.
Without weight penalties, our bridge was one of the lightest and was the
strongest. I am confident that by correcting the small issues that our bridge
possesses and by improving on our construction efficiency, our team will place at
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the national competition. For the next two months our team will train and make
our bridge better so that we can positively represent our great university on a
national level.
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